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Abstract
Experimentally, Raman continuum for Ag and Bg geometry exhibits peaks
far apart from each other (about 80 to 150 cm−1) in frequency. The former is
insensitive to doping over a small range where Tc does not vary much whereas
the latter shifts towards higher frequencies. We calculate the electronic Ra-
man scattering intensities using the ‘modified spin bag model’. We show that
the calculated results have natural explanation to the observed anamolous
peak separation and peculiar doping dependence.
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Raman scattering is
a powerful technique to
probe directly the nature
of low energy quasiparti-
cle excitaions in supercon-
ductors. Raman scatter-
ing experiments have been
carried out [1–4] to inves-
tigate the low energy exci-
tations (ω < 1000cm−1) of
the electronic continuum in
the cuprate superconduc-
tors. The main puzzling
features are,
(1) The Raman con-
tinuum which is almost
flat for T > Tc, be-
comes depleted below Tc
at low frequencies ( ω <
200 cm−1 < 2∆sc) and
a broad peak develops in
the range 250 − 600 cm−1.
The central frequency of
this peak depends on the
material studied and the
scattering geometry (that
is the part of the Fermi sur-
face (FS) being explored),
but it is developed much
above the superconducting
gap threshold. The depen-
dence of the peak position
on the scattering geometry
shows that the supercon-
ducting (SC) gap is highly
anisotropic.
(2) There is some resid-
ual intensity below ω <
2∆sc, showing that scatter-
ing with quasiparticles still
exists even below the Tc.
It is generally believed to
be due to possible existence
of nodes on the gap func-
tion, and hence the avail-
ability of low energy quasi-
particles even below the Tc.
For superconductors in
which the penetration
depth of the incident light
is much greater than the
BCS coherence length, the
electronic Raman scatter-
ing intensity follows from
the q ≈ 0 limit only, q be-
ing the momentum transfer
to the quasiparicles. The
Raman scattered intensity
due to the scattering by the
superconducting quasipar-
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ticles is given by,
I(0, ω) =
1
π2ω
∫
ω>2|△k|
|γk|
2△2k d
2k
(ω2 − 4△2k)
1/2
tanh(
ω
4T
)
(1)
The integral is over the
Fermi surface.
It is observed that, for
the A1g mode, the Raman
intensity decreases linearly
with ω at lower frequencies
and extrapolates to zero at
ω = 0. This seems to sup-
port a d-wave kind of SC-
gap which has nodes on the
Fermi surface, and the A1g
continuum is due to exci-
tations of superconducting
pairs accross an anisotropic
with d-wave type nodes,
with 2△max = 310 cm
−1.
The surprising thing about
the A1g continuum is that
the peak position is inde-
pendent of small doping
variation and there is very
little variation in intensity
also.
But for the B1g mode,
the peak frequency differs
from the A1g continuum
peak by about 200 cm−1.
Also this peak position
shifts towards higher fre-
quencies for compounds
with lesser concentration of
oxygen or rather for lower
hole doping.
There are arguments
[5], saying that one can
obtain different peak posi-
tions, once one takes the
screening effects into ac-
count. On the other
hand, it has been ar-
gued [5,6] that, screening
is effective more in the
s-wave scattering channel,
and hence a look at the dif-
ferent structure factors for
the two phonons tells us
that screening should sub-
stantially reduce the A1g
phonon scattered intensity
and the intensity of the
B1g mode will not be af-
fected much. In other
words the B1g continuum
will be stronger than the
A1g continuum. This is
exactly opposite to what
is observed experimentally
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[7]. Another important
point worth emphasizing is
that, since the A1g and B1g
modes corresponds to the
breathing oxygen atom vi-
brations and antisymmet-
ric out of plane vibrations
of the oxygen cage around
the Cu atom respectively,
one expects the A1g contin-
uum to be sensitive to the
carrier concentrations or
the oxygen content, while
the B1g continuum should
be relatively unaffected.
This again is exactly oppo-
site to what is experimen-
tally observed [7]. Screen-
ing doesn’t seem to be im-
portant at all. The alter-
native hypothesis put for-
ward, is that the B1g peak
is not associated with the
superconducting gap at all,
since the peaking in inten-
sity at higher frequency for
this mode is observed even
slightly above Tc. Scatter-
ing with spin fluctuations
is put forward as a pos-
sible explanation for this,
since for lower doped mate-
rials a spin gap like feature
is observed above Tc and
the magnitude of which re-
duces with doping. It is
argued that, if the peak-
ing in the B1g mode is due
to the superconducting gap
then how could the peak
position vary by about 20
percent, within a doping
variation that changes Tc
very little? Here we ex-
plore these features theo-
retically within our model.
Our model is based on
the idea of Schrieffer’s spin
bag model [8] with cou-
pling between the planes
explicitly introduced to an-
alyze two layer systems.
At half filling due to the
square planar nature of the
Fermi surface ( nesting )
and intermediate inplane
correlation between the Cu
spins leads to SDW insu-
lating phase with a fully
gapped FS. With doping,
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nesting is lost near the M
points and hence the SDW
gap vanishes in these di-
rections while surviving in
other directions. This ef-
fect is enhanced with the
introduction of single par-
ticle tunneling between the
planes. The pairing inter-
action between the low en-
ergy SDW quasiparticles in
the gapless regions is me-
diated by the quanta of
fluctuations of the ampli-
tude and phase modes of
the SDW gap in the sur-
viving regions [9]. No-
table difference with earlier
treatments is that the con-
duction and valence bands
touch each other in the re-
gions where the nesting is
lost and thereby the SDW
gap G is assumed to be
zero in these regions while
solving the self-consistent
SDW gap equation. The
coupling between the SDW
quasiparticles and the fluc-
tuations of the amplitude
and phase (i.e, collective)
modes of the SDW state,
will give rise to new kind of
electron-amplitudon (pha-
son) interaction. Such in-
teraction in a second order
perturbation theory gives
rise to an effective pairing
interaction is the essence
of the modified spin bag
mechanism [9]. The super-
conducting gap equation
from our model is given be-
low,
∆sc(k)=
∑
k′
[λ1 + λ2
(ǫk − µ)(ǫk′ − µ)
EkEk′
−
G(k)G(k′)
EkEk′
](∆sc(k
′)/ek′)
× tanh(βek′/2) (2)
where,
λ1(2) = ΩAMU
2/[(Ek ∓
Ek′)
2 − Ω2AM ], and ΩAM
being the maximum fre-
quency of the SDW gap
fluctuation ( amplitudon)
given by, ΩAM = 2Gmax.
Where ek =
√
E2k +∆
2
sc
and Ek = [(ǫk − µ)
2
+G2]1/2 are respectively
the SC and SDW quasi
particle energies. It is clear
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that the SC-gap will peak
up to its maximum for
the (kx, ky) points where
G(k) vanishes and hence
the two gaps (SDW and
SC) will have complemen-
tary nature.
We solved both the
SDW and superconducting
gap equations numerically
for different filling factors.
Parameters chosen are, t =
0.3 eV, U = 2.0 eV, pairing
interaction cutoff for the
SDW gap equation to be
75 meV. With these val-
ues and for chemical poten-
tial µ = −250 meV we get
an SDW transition temper-
ature Tsdw of 100
oK, t⊥ is
taken to be 0.05 eV. For
the superconducting gap
equation the pairing cutoff
is −G to G (the maximum
SDW gap). We choose,
λ1 = 50 and λ2 = 40 meV
to get a Tc of 85
oK for µ =
−250 meV. Tc decreases
by 7 degrees when the
chemical potential is var-
ied upto -200 meV (that is
for a doping concentration
of 0.14 to 0.12, measured
from half filling). The self
consistent gap equatoion is
solved numerically for 3
different doping concentra-
tions. The main feature
of the gap is that, it is
larger near the M points
than near the X points by
3-4 meV. Also the gap near
the M points falls slower
with temperature than the
gaps near the X points.
Of course we do not have
any gap nodes and the gap
values near the X points
is still substantial ( 10-12
meV) for such small doping
concentrations. So we do
not get any Raman inten-
sity in the low frequency
region. We discuss the re-
sults of our numerical cal-
culations below.
For the B1g mode, the
structure factor γk also
is maximum wherever the
gap is maximum, and most
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of the contribution to the
scattered intensity in this
channel comes from quasi-
particles in these regions.
On the other hand, for the
A1g, the structure factor
is large and more or less
flat in almost all regions
in the Brillouin zone and
falls to low values at the
places where the gap value
is maximum. In other
words most of the scat-
tered Raman intensity in
this channel are from the
region where the gap value
is small.
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Fig.1 Electronic Raman
continuum intensity versus
frequency ( in meV ) in the
A1g geometry at T= 20
oK,
for different dopings.
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Fig.2 Electronic Ra-
man continuum intensity
versus frequency ( in meV )
in the B1g geometry at T =
20oK, for different dopings.
With larger doping the
fermi surface moves away
from the region where the
gap is maximum. So
for the B1g geometry the
peak in the Raman spec-
tra will shift towards lower
frequency (cf Fig.2). On
the other hand for the A1g
mode most of the contri-
butions are from the re-
gions away from corners
where the SC gap is large,
because the structure fac-
tor is very small there.
Therefore, for the A1g
mode, quasiparticles from
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almost all regions con-
tribute equally to the scat-
tered intensity and hence
for small doping variations
or for small shrinkage of
the Fermi surface, there is
no noticable effects at all
(Fig.1).
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FIGURE CAPTIONS
Fig.1 Electronic Raman continuum intensity versus frequency ( in meV ) in
the A1g geometry at T= 20
oK, for different dopings.
Fig.2 Electronic Raman continuum intensity versus frequency ( in meV ) in
the B1g geometry at T = 20
oK, for different dopings.
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